The protozoan pathogen Giardia lamblia is the most commonly diagnosed intestinal parasite in the world, with an estimated annual number of cases of 2.8 ϫ 10 8 (15) . Numerous methodologies for identifying Giardia are available, but the standard test that is used is microscopic identification. Other methods for detection of intact cysts involve using direct fluorescent antibody tests and detection of whole parasites by microscopy. Several enzyme immunoassay kits for detection of soluble stool antigens are available and include Prospect T (Alexon Inc.) and Giardia CELISA (CELLABS Pty Ltd.). While these assays are rapid, with detection within 1 to 2 h, these assays are qualitative and do not distinguish between genotypes. Additionally, these assays are not sensitive enough to detect low levels of infection (13) . New and very rapid tests on the market, such as ImmunoCard STAT! and ColorPAC solid-phase immunochromatographic immunoassays, are rapid, requiring only 10 min for a diagnosis (13, 14) . However, false negatives have been obtained when small numbers of parasites (Ͻ175 organisms/10 l) are present in stool (7, 13) . False positives obtained with the ColorPAC assay have resulted in the recall of this kit by the manufacturer (6) .
Molecular techniques such as PCR provide alternative methods for specific detection of pathogens in stool, and in combination with techniques, such as restriction fragment length polymorphism (RFLP) or nested PCR, they have been used to genotype organisms (5) . The sensitivity of detection by PCR is greater than that of microscopy, making it of great use for detection of low numbers of parasites in stool samples (4, 16) . A recent advancement in PCR-based methodology is realtime PCR (20) .
The objective of this study was to evaluate the use of realtime PCR by using dual-labeled probes targeting the ␤-giardin gene for the detection of Giardia in human stool specimens and to differentiate in one step the major genotypes of G. lamblia in humans, assemblages A and B.
Application of real-time PCR to pathogen detection in stool. It was previously shown that real-time PCR can be used to detect Giardia in raw sewage (8) . In the present study, realtime PCR was applied to the diagnosis of Giardia in clinical stool specimens. Human stool specimens were obtained from two sources: (i) The Ontario Ministry of Health (Etobicoke, Ontario, Canada), and (ii) the TML/Mount Sinai Parasitology Lab (Toronto, Ontario, Canada). All samples were examined by microscopy to determine the presence of parasites. Samples were obtained for real-time PCR analysis 5 to 12 days following fixation of the stool in sodium acetate-acetic acid-formalin (SAF). SAF-fixed stool was washed three times in doubledistilled water by centrifugation at 2,000 ϫ g for 10 min prior to DNA extraction by using a modification of the QIAamp DNA stool kit protocol (QIAGEN, Hilden, Germany). A 0.2-g aliquot of the pellet was suspended in 0.6 ml of ATL lysis buffer (from a DNeasy kit; in place of the ASL buffer provided with the QIAamp Stool Kit) and 40 l of proteinase K and was incubated in a 55°C water bath for 4 h. The sample was subjected to 3 cycles of freeze-thaw and was incubated at 55°C overnight. After three 20-s bursts of sonication, an additional 0.6 ml of ATL was added to each tube and the DNA was extracted following the manufacturer's procedure for the QIAamp DNA stool kit (QIAGEN). DNA was eluted from the silica gel column by using 2 rounds of 100 l of double-distilled water. Samples were stored at Ϫ20°C until use. DNA for use in the standard curves was extracted from cysts with the DNeasy Tissue kit (QIAGEN) as previously described (8) . The realtime PCR was carried out on an Mx4000 (Stratagene) with the Giardia-specific ␤-giardin primer-probe sets P241 and P434 (for strains P-1 and H3, respectively) and the Cryptosporidium oocyst wall protein (COWP) primer-probe set (8) .
Of the 52 specimens examined by microscopy, 16 were positive for Giardia and 36 were negative for Giardia. Parasite loads in these samples ranged from very heavy to very light. In the real-time PCR assay, the ␤-giardin primer-probe P241 detected all specimens that were positive for Giardia by microscopy; thus, no false negatives were obtained (Table 1 ). All samples negative for Giardia by microscopy were also negative by real-time PCR (Table 1) . It was previously shown that the ␤-giardin primer-probe sets do not detect DNA from several bacterial isolates as well as from two isolates of Cryptosporidium parvum (8) . Two of the Giardia-negative stool specimens contained Entamoeba coli, and one specimen contained E. histolytica and E. dispar. These three specimens were negative for Giardia in real-time PCR. Another stool specimen that was positive for Cryptosporidium, as determined by mi-croscopy and real-time PCR detection of the COWP gene, was also negative for Giardia.
The sensitivity of detection of DNA in the presence of stool extracts was evaluated by spiking the real-time PCR wells containing the stool extracts with DNA. The Giardia-positive samples were spiked with C. parvum DNA, and the DNA was detected by using the COWP primer-probe. Ten Giardia-negative samples were spiked with Giardia DNA, equivalent of 1,000 cysts to 1 cyst, and was detected by using primer-probe P241. Specific DNA was detected at all target concentrations, demonstrating that the QIAamp DNA stool kit extraction method was effective at removing real-time PCR inhibitory substances (data not shown).
Sequence analysis of the ␤-giardin gene. There is considerable genetic diversity within G. lamblia, and the genus is subdivided into major genotypes containing subgenotypes. The major genotypes of G. lamblia that are infective to humans are assemblages A and B; A is associated with a mixture of human and animal isolates, and B is predominately associated with human isolates (18) . The greatest potential for zoonotic transmission of Giardia is with assemblage A genotypes. Domestic animals, wildlife, and possibly pets act as reservoirs of Giardia (9, 18) .
Inter-and intraspecific homology within the target sequence of the primers and probes was examined by comparing a 582-bp region of the coding sequence of the ␤-giardin gene from different isolates of G. lamblia and from the murine species G. muris. A 582-bp partial sequence of the region 200 to 782 of the coding sequence of the ␤-giardin gene (GenBank accession number M36728) was amplified by using the forward primer AGCGCCAGGCCTCGTT and the reverse primer GCTTAGTGCTTTGTGACCATCG. The amplicons obtained from PCR were separated on a 2% agarose gel and were purified by using the Mini Elute Gel Extraction kit (QIA-GEN). The purified amplicons were sequenced at the Core Facility, York University (Toronto, Ontario, Canada), by use of the dideoxy method employing an ABI Prism 377 Sequencer. Sequence accuracy was confirmed by two-directional sequencing.
We sequenced the WB (GenBank accession number AY258617) and H3 (GenBank accession number AY258616) isolates of G. lamblia, DNA that was extracted from a patient with a heavy cyst load of G. lamblia (specimen GA), and G. muris DNA (GenBank accession number AY258618). The primers in the region 200 to 782 of the ␤-giardin gene amplified DNA from all the Giardia isolates. The sequences were aligned by using the CLUSTAL W multiple alignment program (European Bioinformatics Institute) and were compared for homology. Partial ␤-giardin gene sequences in the GenBank database for eight isolates of G. lamblia (GenBank accession numbers M36728 [10] and AY072723 to AY072729 [5] ) were included in the multiple sequence alignment. The results of the multiple alignment showed that 10 of the 11 isolates of G. lamblia fell into the two major assemblages A and B and that one isolate fell into a separate assemblage, assemblage E. G. muris was distinct from the G. lamblia isolates and did not fall into either assemblage. All base pair substitutions within G. lamblia isolates occurred in the third base of the codon, and no amino acid changes were detected. One base pair substitution in the Roberts-Thompson isolate of G. muris resulted in a change in amino acids (position 110) from aspartic acid in G. lamblia to glutamic acid in G. muris.
A comparison of the ␤-giardin sequences revealed that the clinical specimen GA was identical to isolate ISSGF4, the A-3 genotype. The H3 isolate was comparable to the assemblage B genotype sequences; however, several nucleotide substitutions within the ␤-giardin gene region examined demonstrated that this isolate was distinct from genotypes B1 to B4.
Genotype discrimination by real-time PCR. PCR and RFLP genotyping of Giardia isolates have previously targeted several genes, such as the triose isomerase gene (1, 2), the glutamate dehydrogenase gene (11) , and the ␤-giardin gene (5). The intraspecific variation within the ␤-giardin gene allowed us to use our dual-labeled probes to genotype Giardia into the major assemblages A and B in one step.
Relatively few mismatches between the different isolates of Giardia in the primer-probe sequences of P241 (Fig. 1) allowed detection of all the isolates (Table 2) . However, these mismatches (one mismatch in both forward and reverse primers and two in the probe; Fig. 1 ) reduced the sensitivity of detection of 1 ng of DNA, as seen by an increase in the cycle Table 2 ). Greater sequence variation was observed within region 411 to 485 of the coding sequence of the ␤-giardin gene compared to that within region 222 to 296 (Fig. 1) . Oligonucleotides based on the P1 strain of G. lamblia (assemblage A) detected only assemblage A isolates but not the assemblage B isolate or G. muris (Table 2 ). Oligonucleotides based on the H3 sequence (assemblage B) detected the assemblage B isolate and also assemblage A isolates and that of G. muris; however, they did so at greatly reduced amplification efficiencies (10 2 -to 10 4 -fold reductions) ( Table  2 ). This level of amplification would not significantly alter the Ct value obtained by testing samples with high numbers of Giardia, and the mismatched isolates would not be detected in samples with low numbers of Giardia, eliminating the risk of false positives.
Sequence mismatches reduce the efficiency of DNA amplification in the 5Ј exonuclease assay by reducing the efficiency of extension of the mismatched base pair(s) by the Taq enzyme. This effect is independent of the binding ability of the mismatched oligonucleotide (12) . Smith and colleagues (19) concluded that mismatches in the probe region have the greatest effect on real-time PCR and that an increased number of mismatches led to lowered real-time PCR efficiency. Reduced amplification efficiencies of matched compared to mismatched targets can also occur (19) , suggesting that the efficiency of PCR amplification may be affected by other factors, such as secondary structure of the oligonucleotide. Discrimination of single-nucleotide mismatches is possible by using the appropriate chemistry, such as molecular beacons (17), or through design of primers and probes by placing mismatches at the 3Ј end and using a polymerase-lacking 3Ј exonuclease activity (3).
The major genotypes of Giardia in the stool specimens were determined by real-time PCR by using the assemblage A and assemblage B primer-probe sets. Of the 15 patient stool extracts that were positive for Giardia, 3 of the patient's infections were with G. lamblia of assemblage A genotype, 9 were of assemblage B, and 3 were mixed infections of the two genotypes (Table 1) . Our observation that the majority of clinical stool samples were assemblage B genotype corresponds to the findings of Amar and colleagues (2) by PCR and RFLP analyses of the tpi gene for subgenotyping G. lamblia. Caccìo and colleagues (5) reported that assemblage A predominated in the stool samples they examined by PCR and RFLP analyses of the ␤-giardin gene. These differences in the prevalence of assemblages A and B may be attributed to the geographical locations of the populations studied. A predominance of assemblage B genotypes in sewage from two sewage treatment facilities was also observed (8) . In the present study, both assemblage A and B sequences were detected in three stool specimens, confirming prior reports of mixed infections in patients (1) .
In summary, real-time PCR provided a sensitive method for detection and one-step genotyping of Giardia from human stool samples. The real-time PCR assay is rapid and can be adapted to high-throughput detection for screening of large numbers of samples. A suitable genetics-based system for detection of giardiasis should be able to detect all isolates infective to humans. Due to the broad range of isolates detected by primer-probe set P241, this primer-probe may be of value in diagnosing giardiasis. A greater knowledge base of isolate sequence variation will lead to development of subgenotyping real-time PCR probes for rapid and high-throughput source tracking in epidemiological studies.
Nucleotide sequence accession numbers. The sequences for G. lamblia strains WB and H3 were deposited in GenBank under accession numbers AY258617 and AY258616, respectively. The sequence for G. muris was deposited in GenBank under accession number AY258618.
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